We present a new complete analysis of the electroweak precision observables within the recently proposed 4-site Higgsless model, which is based on the SU (2) L × SU (2) 1 × SU (2) 2 × U (1) Y gauge symmetry and predicts six extra gauge bosons, W ± 1,2 and Z 1,2 . Within the ε i (i=1,2,3,b) parametrization, we compute for the first time the EWPT bounds via a complete numerical algorithm going beyond commonly used approximations. Both ε 1,3 impose strong constraints. Hence, it is mandatory to consider them jointly when extracting EWPT bounds and to fully take in to account the correlations among the electroweak precision measurements. The phenomenological consequence is that the extra gauge bosons must be heavier than 250
I. INTRODUCTION
In the past years a remarkable activity has been devoted to investigate electroweak models formulated in extra dimension space [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In most of these scenarios, the size and shape of the extra dimension(s) are responsible for solving the large hierarchy problem and they can also provide viable alternatives to the Higgs mechanism. For example, in models where the standard model (SM) gauge fields propagate in a fifth dimension, masses for the W ± and Z bosons can be generated via non-trivial boundary conditions [4, 6, [8] [9] [10] . Since the need for scalar doublets is eliminated in such scenarios, these models have been aptly dubbed Higgsless models. The result of allowing the SM gauge fields to propagate in the bulk, however, is towers of physical, massive vector gauge bosons (VGBs), the lightest of which are identified with the SM W ± and Z bosons. The heavier Kaluza-Klein (KK) modes, which have the SU(2) × U(1) quantum numbers of the SM W ± and Z, play an important role in longitudinal VGB scattering. In the SM without a Higgs boson, the scattering amplitudes for these processes typically violate unitarity around ∼ 1 TeV [12] . The exchange of light Higgs bosons, however, cancels the unitarity-violating terms and ensures perturbativity of the theory up to high scales. In extra-dimensional Higgsless models, the exchange of the heavier KK gauge bosons plays the role of the Higgs boson and cancels the dominant unitarityviolating terms [4, [13] [14] [15] [16] . As a result, the scale of unitarity violation can be pushed upward in the TeV range.
The main drawback of extra-dimensional models is that they are non-renormalizable and must be viewed as effective theories up to some cut-off scale Λ above which new physics must take over. An extremely efficient and convenient way of studying the phenomenology of five-dimensional effective theories in the context of four-dimensional gauge theories is that of deconstruction. In fact the discretization of the compact fifth dimension to a lattice generates the so-called deconstructed theories which are chiral Lagrangian with a number of replicas of the gauge group equal to the number of lattice sites [17] [18] [19] [20] [21] [22] [23] [24] [25] . Models have been proposed, assuming a SU(2) L × SU(2) R × U(1) B−L gauge group in the 5D bulk, [4-7, 9-11, 26] , in the framework suggested by the AdS/CFT correspondence, or also with a simpler gauge group SU(2) in the bulk [27] [28] [29] [30] [31] [32] . Deconstructed models possess extended gauge symmetries which approximate the fifth dimension, but can be studied in the simplified language of coupled non-linear σ-models [33] [34] [35] . In fact, this method allows one to effectively separate the perturbativity calculable contributions to low-energy observables from the strongly-coupled contributions due to physics above Λ. The former arise from the new weakly-coupled gauge states, while the latter can be parameterized by adding higher-dimensional operators [33] [34] [35] [36] [37] [38] .
The phenomenology of deconstructed Higgsless models has been well-studied [27-31, 37, 39, 40] . Recently, however, the simplest version of these types of models, which involves only three "sites", has received much attention and been shown to be capable of approximating much of the interesting phenomenology associated with extra-dimensional models and more complicated deconstructed Higgsless models [10, [41] [42] [43] [44] [45] [46] . The gauge structure of the 3-site model is identical to that of the so-called BESS (Breaking Electroweak Symmetry Strongly) which was first analyzed more then twenty years ago [47, 48] . Once electroweak symmetry breaking (EWSB) occurs in the 3-site model, the gauge sector consists of a massless photon, three relatively light massive VGBs which are identified with the SM W ± and Z gauge bosons, as well as three new heavy VGBs which we denote as W ± 1 and Z 1 . The exchange of these heavier states in longitudinal VGB scattering can delay unitarity violation up to higher scales (for discussions of unitarization through new vector states, see [27, [49] [50] [51] [52] [53] ).
The drawback of all these models, as with technicolor theories, is to reconcile the presence of a relatively low KK-spectrum, necessary to delay the unitarity violation to TeV-energies, with the electroweak precision tests (EWPT) whose measurements can be expressed as functions of the ǫ 1 , ǫ 2 and ǫ 3 (or T, U, S) parameters [54] [55] [56] [57] . These parameters are defined in terms of the SM gauge boson self-energies, Π µν ij (q 2 ), where (ij) = (W W ), (ZZ), (γγ) and (Zγ), and q is the momentum carried by the external gauge bosons. More in detail, while ǫ 1 and ǫ 2 are protected by the custodial symmetry, shared by both the aforementioned classes of models, the ǫ 3 (S) parameter constitutes the real obstacle to EWPT consistency. This problem can be solved by either delocalizing fermions along the fifth dimension [10, 42] or, equivalently in the deconstructed version of the model, by allowing for direct couplings between new vector bosons and SM fermions [45] . In the simplest version of this latter class of models, corresponding to just three lattice sites and gauge symmetry SU(2) L ×SU(2)×U(1) Y (the BESS model), the requirement of vanishing of the ǫ 3 parameter implies that the new triplet of vector bosons is almost fermiophobic. As a consequence, the only production channels where the new gauge bosons can be searched for are those driven by boson-boson couplings. The Higgsless literature has been thus mostly focused on difficult multi-particle processes which require high luminosity to be detected, that is vector boson fusion and associated production of new gauge bosons with SM ones [58] [59] [60] [61] . [53, 62, 63] . Within this framework, the more promising Drell-Yan processes become particularly relevant for the extra gauge boson search at the TEVATRON and the LHC.
In this paper, we present a new calculation of the EWPT bounds on the 4-site Higgsless model. There are two new ingredients compared to the existing results present in the literature. The first one concerns the computation of the 4-site Higgsless model contributions to the ε i (i=1,2,3,b) parameters, which summarize the electroweak precision measurements performed by LEP, SLD and TEVATRON experiments. These contributions are computed for the first time via a complete numerical algorithm, going beyond commonly used analytical approximations. The second ingredient addresses the minimum χ 2 test, used to extract bounds on the 4-site model. We improve previous simplified analysis, by taking into account the full correlation between the measurements of all four ε i (i=1,2,3) and ε b [64] parameters.
The effect of the correlations was already considered but within the 3-site model [65] . We moreover analyze the cutoff dependence of EWPT bounds, and discuss how well the 4-site Higgsless model can reproduce experimental results. We finally show the portion of the parameter space which survives the EWPT. Within that framework, we give a description of the main properties of the additional four charged and two neutral gauge bosons predicted by the 4-site Higgsless model. 
II. REVIEW OF THE 4-SITE HIGGSLESS MODEL
The class of models we are interested in follows the idea of dimensional deconstruction [17] [18] [19] [20] and was recently studied in [45] . The so-classified theories can also be seen as a generalization of the BESS model [47, 48, 66] to an arbitrary number of new triplets of gauge bosons. In their general formulation [27] [28] [29] [30] [31] , they are based on the SU(2) L ⊗SU (2) K ⊗ U(1) Y gauge symmetry, and contain K + 1 non-linear σ-model scalar fields which trigger the spontaneous symmetry breaking.
The 4-site Higgsless model, described in Refs. [53, 62, 63] , is defined by taking K=2 and requiring the Left-Right (LR) symmetry in the gauge sector. In the unitary gauge, it predicts two new triplets of gauge bosons which acquire mass through the same symmetry breaking mechanism which gives mass to the SM gauge bosons. By callingW iµ =W a iµ τ a /2 and g i the gauge fields and couplings associated to the extra SU(2)
andg,g ′ the gauge fields and couplings associated to SU(2) L and U(1) Y respectively, the charged gauge boson mass Lagrangian is given by:
where M 1,2 are the bare masses of the six additional gauge bosons, W ± 1,2 , Z 1,2 and we had taken g 1 = g 2 in virtue of the LR symmetry imposed in the gauge sector.
Similarly, the mass Lagrangian of the neutral gauge sector is:
Direct couplings of the new gauge bosons to SM fermions can be included in a way that preserves the symmetry of the model. The fermion Lagrangian is given by:
In the above formula, b 1,2 are two arbitrary dimensionless parameters, which we assume to be the same for quarks and fermions of each generation, and ψ L(R) denotes the standard quarks and leptons. Direct couplings of the new gauge bosons to SM right-handed fermions could also be introduced. They are however strongly constrained by data from non-leptonic K-decays and b → sγ processes [67] to be of order of 10 −3 [68] . For this reason, we neglect them.
The 4-site Higgsless model contains seven parameters a priori:g,g
However, their number can be reduced to four, by fixing the gauge couplingsg,g ′ , g 1 in terms of the three SM input parameters e, G F , M Z which denote electric charge, Fermi constant and Z-boson mass, respectively. As a result, our parameter space is defined by four free parameters: M 1,2 which represent the bare masses of the lighter (W ± 1 , Z 1 ) and heavier (W ± 2 , Z 2 ) gauge boson triplets, and b 1,2 which are their bare direct couplings to SM fermions. In the following, we will give our results also in terms of z = M 1 /M 2 , the ratio of the bare masses.
A. Free parameters versus physical observables
Before starting the new analysis of the EWPT bounds on the 4-site Higgsless model, it is useful to understand how the free parameters of the model are connected to the physical quantities. We focus here on the gauge sector (the fermionic one will be discussed later in In the high z region instead, the bare parameters give a good estimate of the physical masses only for M 1 ≥ 1 TeV, while the low edge of the spectrum is poorly reproduced.
The above mentioned physical masses and couplings of the extra gauge bosons to ordinary matter are obtained via a complete numerical algorithm in terms of the four free parameters of the model:
This represents a novelty compared to previous publications [53, 62, 63] . The outcome is the ability to reliably and accurately describe the full parameter space of the 4-site Higgsless model even in regions of low mass and high z where previously used approximations would fail, as we will discuss in detail in Sect.V.
III. BOUNDS FROM EWPT: UPDATE OF THE ε 1,2,3,b ANALYSIS
Universal electroweak radiative corrections to the precision observables measured by LEP, SLD and TEVATRON experiments can be efficiently quantified in terms of three parameters: ε 1 , ε 2 , and ε 3 (or S, T, and U) [54] [55] [56] [57] . A fourth parameter, ε b , can be added to describe non universal effects associated to the bottom quark sector [64] . Besides the SM contributions, also potential heavy new physics may affect the low-energy electroweak precision data through these four parameters. For that reason, the ε i (i=1,2,3,b) are a powerful method to constrain theories beyond the SM. We use this parametrization to derive bounds on the 3-site (or BESS) and 4-site Higgsless models. Measurements by the LEP2 experiment can be summarized in four additional parameters V, X, Y, W [69] . However, the 3-site and 4-site model contributions to these observables are strongly suppressed. We thus neglect them, and focus only on the ε i (i=1,2,3,b) parameters.
In the literature on Higgsless models, major attention has been devoted to the ε 3 (or S) parameter. The computations have been performed mainly at tree level, by making use of different approximations. The common feature of these approximate results is that they all rely on a series expansion in the ratio e/g 1 , where e is the electric charge and g 1 the extra gauge group coupling constant, and in the model parameters which measure the amount of fermion delocalization in the five dimensional theory interpretation (in the deconstructed version they are represented by the b i parameters). In this approximation, the ε 1,2 parameters vanish at tree level owing to the custodial symmetry, at least at the first order in the fermion delocalization parameter expansion. This is the reason why most of the physics community has focused on ε 3 . In addition to the discussed approximate tree level results, in the recent years preliminary calculations of one-loop corrections have been performed. More in detail, the one-loop chiral logarithmic corrections to the ε 1,3 (or T and S) parameters have been evaluated for the 3-site and 4-site models [70] [71] [72] [73] . At the present status of the ε i calculation, the one-loop contribution to the ε 1 parameter is of course dominant.
In this paper, we aim to fill the gap between approximate tree level results and attempts of improved precision at one-loop. We concentrate on the tree level calculation, going beyond the popular approximations summarized above. We thus compute the four
exactly, keeping their full dependence on the model parameters, via a numerical algorithm.
In order to understand quantitatively the difference between exact and approximate results, and maintain a link with the previous literature, in Sec.V we will compare our exact numerical calculation with the approximate expansion up to the second order in the e/g 1 parameter, keeping the b i direct coupling content exact. The physical motivation to go beyond the first order perturbative expansion of the ε i (i=1,2,3,b) in the model parameters is three-fold. The first reason is to give a complete description of the parameter space. As the bare mass parameter M 1 is roughly proportional to the gauge coupling g 1 , and strictly linked to the physical masses M W 1,Z1 , in order to reach the low edge of the spectrum one has to deal with small g 1 values where the expansion in e/g 1 is not reliable anymore. parameters, and perform a combined fit to the experimental results taking into account their full correlation.
Triple gauge boson vertex bounds could give a lower limit on the masses of the heavier resonances as studied within the 3-site model [40] for ideal localization of fermions. However in our model we have a modification not only of the trilinear ZW + W − vertex but also of the couplings of Z, W to fermions. Therefore LEP2 measurements on cross sections
fermions can be used to obtain bounds on the 4-site parameter space but this requires a complete calculation of the cross section taking into account all these modifications and in principle also the exchange of the new resonances. All these effects have to be taken into account for a reliable analysis of LEP2 bounds. This is beyond the scope of the present paper and we plan to pursue in a future publication.
A. Computing ε 1 , ε 2 , ε 3 , and ε b in the 4-Site Higgsless model.
The three electroweak ε i (i=1,2,3) parameters, summarizing the universal electroweak corrections to the precision observables measured by LEP, SLD and TEVATRON, can be obtained from ∆r W , ∆ρ and ∆k [57, 64] :
with the Weinberg angle defined by
In this scheme, the physical inputs are chosen to be the electric charge, the Fermi constant and the Z-boson mass:
The Weinberg angle is thus uniquely determined. The fourth ε b parameter, describing instead non-universal effects in the bottom quark sector, is related to the corrections to the SM Z-boson coupling to left-handed b-quarks, δg Lb , as follows:
Within the 4-site Higgsless model, the ε b parameter is zero owing to family universality in the fermionic sector. It receives however a contribution from SM radiative corrections, and it is experimentally correlated to the other three
we analyze its effect. In principle a non universality of direct couplings could be considered for the (t, b) sector to describe a special role of this doublet due to its possible compositeness [5, 11, [74] [75] [76] [77] [78] [79] . In this paper we don't consider such an alternative.
In order to compute the new physics contributions to the ε i (i=1,2,3) parameters, we follow the procedure of diagonalizing the charged and neutral mass matrices. We thus derive the mass eigenstates of the gauge sector, and recast the Lagrangian in terms of those eigenvectors. Once the Lagrangian given in Eq. (5) has been re-expressed in terms of charged and neutral gauge boson mass eigenstates, the two ∆ρ and ∆k parameters can be extracted from the neutral current couplings to the SM Z-boson:
with
The ∆r W parameter is instead given by:
where M W and M Z are the SM W ± and Z boson masses.
The tree level contribution of the 4-site Higgsless model to the ε i (i=1,2,3) parameters has been computed exactly, via a complete numerical calculation. This represents a novelty.
In , keeping the full b 1,2 content. In Sec.V, we discuss the goodness of this approximation, and define its validity domain by comparing it to the exact numerical solution.
B. Fit to the ElectroWeak Precision Tests
By making use of the electroweak precision observables measured by LEP, SLD and TEVATRON experiments, one can determine the ε i (i=1,2,3,b) parameters as [80] 
These equations represent an effective and sufficiently accurate numerical approximation of the pure SM contribution. The Higgs mass, M H , should be interpreted in our model as an ultraviolet cutoff of the SM loops provided by the model itself. These terms correspond to UV logarithms in the low energy Higgsless theory. We will take M H = 1, 3 TeV. The first case corresponds to the extrapolated SM predictions in presence of a scalar bound state which saturates the Lee-Quigg-Thacker bound [12] . The second corresponds to the case with no bound state and M H is interpreted as the cutoff of the theory. For comparison with the SM fit, we will consider also a case with M H = 300 GeV.
We are now ready to extract bounds on the free parameters of the 4-site Higgsless model, M 1,2 and b 1,2 , by performing a minimum χ 2 test. The χ 2 function is defined as:
In the above equation, σ i is the standard deviation and ρ ij the correlation matrix of Eq. (15).
The global minimum χ 2 , obtained by minimizing with respect to the four free parameters M 1,2 and b 1,2 , is denoted by χ 2 min . In order to define our allowed parameter space, we keep only points which satisfy the following condition:
where the value 9.49(13.28) corresponds to a 95(99)% Confidence Level (CL) for a χ 2 with four degrees of freedom (dof). To better visualize the allowed regions of the parameter space, we will project the four-dimensional space into different planes. In this way, we will display the 95(99)% CL EWPT bounds on different selected pairs of free parameters.
But, before doing that, let us first discuss the statistical concept of goodness-of-fit, which describes how well a theoretical model fits a set of measurements. Qualitative arguments suggest that it can be summarized by the condition χ 
GAUGE BOSONS
In this section, we derive the EWPT bounds on mass spectrum and couplings of the extra gauge coupling is normalized to the corresponding SM one (a Z = a L Z (e)). As comparison, the lighter charged gauge boson parameter space is also shown (dashed line). Neutral and charged gauge couplings to ordinary matter are comparable in size. Moreover, they can be of the same order of magnitude than the corresponding SM ones. Analogously, the right plot of Fig. 6 shows that the same is true for the heavier extra gauge boson, Z 2 . In this case, the neutral gauge couplings can be even bigger than the SM ones up to a factor 1.5. 
VI. 3-SITE HIGGSLESS MODEL AND EWPT BOUNDS
In this section, we specialize our results to the so called 3-site Higgsless model. This model can be seen either as the minimal K = 1 case of deconstructed theories [45] , or as the BESS model with α = 1 [47] . By imposing the LR symmetry in the gauge sector, it is a priori described by five parameters (g,g 
where the value 5.99(9.21) corresponds to a 95(99)% CL for a χ 2 with two degrees of freedom.
As we can see from Fig. 3 , the χ 2 min value is almost independent on z and M 1 (for M 1 1TeV). Thus, its value within the 3-site model is not expected to differ from that one we have in the 4-site model. We indeed obtain χ to Eq. (21) . The narrow internal area shows instead the analogous bound from ε 3 . In this case, the EWPT constraints on the model are completely dominated by the ε 3 parameter.
The fully correlated EWPT bound is the gray region and it is quite near to the one from ε 3 .
These results are obtained via an exact numerical computation. Let us notice however that, within the 3-site Higgsless model, the approximate double expansion in the x = e/g 1 and b 1 parameters works quite well. The following analytical expressions for the ε 1,3 parameters on difficult multi-particle processes like vector boson fusion and associated production of new gauge bosons with SM ones [58] [59] [60] . This is however the result of a crude theoreti- We used the ε 1,2,3 parametrization of the universal electroweak radiative corrections to the precision observables measured by LEP, SLD and TEVATRON experiments. We neglected the ε b effect, as it is weakly correlated to the other measurements and also because it receives no contribution within the 4-site model owing to universality in the fermionic sector.
The four main novelties of our analysis can be summarized as follows. We computed for the first time the ε i (i=1,2,3) parameters at tree level via a complete numerical algorithm, going beyond commonly used analytical approximations. In addition, we have taken into account the full correlation between their measurements, performing a well defined and complete statistical analysis, based on the minimum χ 2 test. We furthermore studied the cutoff dependence of the derived EWPT bounds, and discussed how well the 4-site Higgsless model can reproduce experimental results. We have finally shown a one-to-one comparison between the EWPT surviving parameter space, given in terms of physical mass and coupling of the first charged resonance (M W 1 , a W 1 ), within the minimal (3-site) and next-to-minimal The new complete calculation of the EWPT bounds presented in this paper takes into account all ε i (i=1,2,3) parameters with their full correlation. We have found that this has indeed a significant effect in extracting the allowed parameter space, as compared to previously used simple analysis. The cutoff dependence of our results is instead rather mild.
Its major effect appears in the minimum χ 2 value that one can obtain within the 4-site model. This value rapidly increases with the cutoff. analysis of the 4-site model was done in Ref. [62] and refined in Ref. [63] with a focus on the neutral gauge sector Z 1,2 . A detailed study concerning exclusion at the TEVATRON and discovery reach at the LHC is now under investigation.
Let us now define the Weinberg angle θ by [56] : 
